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Abstract 
Two-dimensional numerical direct shear tests were carried out using the Discrete Element Method (DEM) to study 
the effects of rock content on the mechanical behaviors of soil-rock mixtures (SRM).The mixtures were made from 
particles of contrasting size and stiffness. The DEM simulation captured the behaviors of SRM as observed in 
previous experiments, showing that the peak shear stress and the dilation increased with an increasing rock content. 
Moreover, it also found that the peak friction angle and dilation angle increased while cohesion decreased with an 
increasing rock content. On the other hand, the DEM provided insight to the distribution of contact force chains, the 
magnitude and orientation of the principal stresses, and the rotation of particles experience as the shearing 
progressed which could not be revealed in the physical experiments. The results indicated that the rock content also 
had a meaningful effect on these micromechanical observations. At last, how the rock content influenced the shear 
strength of SRM was discussed according to Taylor’s theory. It was concluded that the shear strength of SRM 
increased for higher rock content mainly because of the contribution of the interlocking, while the contribution of 
the contact friction was demonstrated to be very small.  
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1. Introduction 
Soil-rock mixture (SRM) is a kind of inhomogeneous geomaterial, which consists of stiff rock blocks, soft soil 
and pores. Medley [1] investigated this kind of geological mass and incorporated it into ‘bim-rock’ (block in matrix 
rocks), which means ‘geological mixtures composed of geotechnically significant rock blocks within a bonded rock 
matrix of finer texture’ [2]. SRM is widespread in China as well as all over the world. He [3] found that 61.3% of 
slopes are composed of SRMs in the west of Sichuan Province. SRM attracts more and more attention due to its 
important role in water conservancy, hydroelectric power and other infrastructures.  
During the last few decades, investigations of the SRM fall into several categories, including, but not limited to 
the strength and deformation characteristics of mixture affected by the block properties and fabric orientation 
(Lindquist and Goodman [4]), porosity’s influence on the shear strength of SRM (Vallejo and Mawby [5]), and the 
effects of particle shape on the shear strength of SRM [6]. However, most of these studies were conducted through 
in-situ tests, and only limited attempts were made to study the mechanical behaviors numerically. Furthermore, 
because of the discrete nature of SRM, the continuum model seems to be no longer realistic. It is unable to provide 
any insight into microscale response such as the contact chains developed among the particles and the associated 
displacement vectors when subjected to shear loads. Discrete Element Method (DEM) is a powerful numerical 
method initially proposed for predicting the behaviors of particulate media (Cundall and Strack [7]). Its ability in 
reproducing certain key features of granular materials has been demonstrated and more importantly, DEM was 
proved to be an excellent candidate for investigating the macroscopic response of a material from a microscopic 
perspective owing to its potential for revealing micromechanical details. One advantage of using discrete element is 
that many significant micro-structural quantities, including contact forces chains, coordination number, and void 
characterizing, etc, can all be directly measured, which are inaccessible in physical experiments. This paper 
presented a series of numerical experiments conducted to study the mechanical responses of SRM. The effects of 
rock content, in other words the influence of the weight proportion of rock blocks on the mechanical behaviors of 
SRM were investigated. 
2. Simulation Details 
Two-dimensional numerical direct shear tests were carried out using discrete element code PFC2D [8]. In all 
analyses, an area with dimensions of 40cm×40cm was considered. During the simulation, the specimen was 
enclosed by six rigid frictionless boundaries: one horizontal boundary at the top, one horizontal boundary at the 
bottom, two vertical boundaries on the left, and two vertical boundaries on the right of the specimen (Fig.1). Two 
additional flanges, walls 7 and 8, were added to prevent particle leakage during shear tests. The top wall was free to 
move vertically to apply normal stress and to monitor vertical displacement during shearing. The normal stress 
applied was kept constant by adjusting the position and velocity of the top wall using a numerical servo-control 
mechanism. Strain controlled boundary can be formulated and applied to the walls by moving the vertical lower 
walls along with the bottom box at a predefined velocity. In the simulations the interaction between walls were not 
considered, while the contacts between walls and particles were considered. In order to study the effect of rock 
content on the mechanical behaviors of SRM, three different particle size distributions were simulated as shown in 
Fig. 2. The diameter size, d=4mm, was used as a delimiting size that separated rock and soil particles. The weight 
percentage of the rock blocks with grain diameter greater than 4 mm in the three samples was 53.4%, 62.5% and 
70% and named as T54.3, T62.5 and T70, respectively. The maximum diameter of the rock particle was 40mm, and 
the minimum diameter of the soil particles were set to 1mm.  
The initial state of the DEM samples were created by random deposition under gravity of circular particles into 
the shear box with zero particles’ friction coefficient. In general, a zero friction coefficient was set temporarily to 
generate a dense assemblage as adopted by other researchers (e.g., Thornton [9]; Cui and Sullivan [10]). The 
assemblage was then allowed to come into equilibrium by iteration until the unbalance force became minimal. The 
coefficients of friction of particles were then reset to the specific value at the beginning of the shearing action. A 
vertical displacement was then applied slowly to the top wall until the desired vertical normal pressure was reached. 
Three different normal pressures, 50kPa, 100kPa and 150kPa, were applied in the present study. Walls 1, 5, 6 and 7, 
as shown in Fig. 1, were moved simultaneously in the positive x direction with a sufficiently low velocity to ensure 
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a quasi-static loading state. At the same time, the top wall was adjusted continuously by a servo-controlled 
mechanism so that a constant normal pressure was maintained. Positions of the walls 1 and 3 (Fig. 1) were 
monitored to evaluate the macroscopic deformation of the assemblages. The input particle property parameters used 
in this simulation, including normal stiffness kn, shear stiffness ks, density ρ and damping constant α, were 
summarized in Table 1. There were 57887, 48906 and 45570 particles for T53.4, T62.5 and T70 samples, 
respectively. In this study, a simple linear contact model was employed to model the contact relationship between 
particle-particle and particle-wall. In addition, the contact bond model was simultaneously employed between 
particle-particle to simulate the weak cohesion of SRM.  
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Fig. 1 Illustration of model                                      Fig 2. Particle size distributions in the investigation 
 
Table 1. Input parameters of analyses. 
Property  Rock Soil Rigid wall  
Normal stiffness, kn (N/m)  5×107 5×106  1.3×108  
Shear stiffness, ks (N/m)  5×107 5×106  1.3×108  
Friction coefficient, μ 1 1 0 
Density,  (kg/m3)  2650 2685 - 
Normal contact bond strength, 
n
cF  (N)  25 25 - 
Shear contact bond strength, scF  (N)  25 25 - 
Damping constant α 0.7 0.7 - 
 
3. Results and Discussion 
3.1 Macroscale response 
In this paper, the tests are labeled by their rock content and normal pressure. For instance, the label T70-50 
indicates that the test specimen contains 70% of rock blocks by weight and the normal pressure is 50kPa.  
Fig. 3 shows the variation of shear stress and volumetric strain with the strain. The shear stress is calculated by 
T/A, where A is the cross-sectional area of the shear box, and T is the shear force on the shear plane, which is 
deduced from the static equilibrium of the lower half model by summing the horizontal forces acting on its 
boundaries. The vertical strain, which is calculated from the changing ratio of the model height, represents the 
overall volumetric strain change. A negative volumetric strain means compression while a positive volumetric strain 
means dilation. Fig. 3a illustrates that all specimens show stress softening response as expected, and the peak stress 
occurs earlier when a lower stress level (50 kPa) is applied.  It can be observed from Fig. 3a that the rock content of 
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SRM has great effects on its shear stress under the same normal pressure. The peak shear stress of SRM increases 
with increasing rock content, which agrees well with previous experiments conducted by Simoni et al [11] and Xu et 
al [12]. Volumetric dilation is observed in all simulations. However, all simulations exhibit contraction at the 
beginning. Shimizu [13] pointed out that the strain tended to localize in the end zones of the potential shear zone at 
this stage, and Li [14] named this stage as ‘end zone deformation’. It can be found that the peak shear stress occurs 
after the material change from contraction to dilation by comparing Fig 3a and 3b. Moreover, the dilatation becomes 
more and more obvious with increasing rock content, especially for the T70 samples.  
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Fig. 3 Response of samples with different rock content at surcharge pressures of 50 and 150 kPa: (a) Shear stress against shear strain; (b) 
Volumetric strain against shear strain. 
 
Based on the numerical simulation tests, the failure envelopes and the relationship between the shear strength and 
rock content were plotted in Fig. 4. It can be seen that the linear failure envelopes fit the data well for the range of 
normal pressure used in the tests as shown in Fig. 4a. Fig. 4b illustrates the effect of rock content on peak shear 
strength. Although cohesion decreases with increasing rock content, the rock content influences slightly cohesion. 
With increasing rock content, the friction angle increases nonlinearly. The friction angle with 70% rock is 1.45 and 
1.65 times of that with 62.5% and 53.4% rock, respectively. 
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Fig. 4 Strength parameters analysis. (a) Failure envelopes determined from the numerical direct shear tests; (b) Relationship between the strength 
parameters and rock block proportion. 
 
The dilation angle, ψ, can be deduced from the Mohr’s circle of strain increments as: 
                 tan yy
yx
d dy
d dx
e
y
g
= - =                                                                           (1) 
where Hyy and Jyx are vertical strain and shear strain, respectively, dy and dx are vertical displacement and horizontal 
displacement, respectively. During direct shear test, the measured quantities were recorded every shear strain 
increment of 0.05%. The relationship between dy/dx and shear strain was plotted in Fig. 5. The dilation rate during 
shear is not constant. It may be observed that the rock content has a very significant effect on the dilation angle. 
According to Eq. 1, the peak dilation angles are 15.64q, 8.53q and 5.14q for T70-50, T62.5-50 and 53.4-50 samples, 
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respectively. Combining the analysis of Fig 3a, the maximum dy/dx value is found to coincide, as expect, with the 
peak shear stress.  
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Fig. 5 Dilation rate versus shear strain for T53.4-50, T62.5-50 and T70-50. 
 
Using the centroids of particles a triangle mesh can be generated by triangulation.  Based on the displacements 
on the centroids of particles, the strain field can be obtained using the above mentioned mesh. The contours of the 
incremental shear strain of T70-50 sample is illustrated in Fig. 6 from J=1.25% to J=1.75% (peak shear stress is 
obtained at J=1.75%). It can be seen that high strain zone is localised in a narrow shear zone located at the middle 
height of the specimen. A similar distribution of shear strain is also observed by Potts et al [15] in their finite 
element method analyses. The shear band is very irregular due to the existing of large rock particles. The thickness 
of the shear band, R, is about 6cm for T70 sample as shown in Fig. 6a, which is four times of D50. An approximation 
to the state of stress acting in the shear band can be obtained from the interparticles contact forces as follows 
(Christoffersen et al [16])   
                                                                      ij ( ) /i j
R
l F Vs = å                                                                         (2) 
where V is the volume of the calculation domain; li is the length of vectors connecting the centers of contacting 
particles; and Fj is the contact force. Using the above equation the relationship between the shear stress in the shear 
band and shear strain can be obtained and also shown in Fig. 6b using red line, which is very close to the blue line 
calculated by wall force.  
(a) (b)
R
 
Fig. 6 (a) Shear strain contours of T70-50; (b)The result comparison for the shear stress calculated using wall force and shear band respectively.  
3.2 Microscale response 
For analyzing the microstructure evolution induced by shearing, attention is focused on the evolution of the 
particle contact orientations as well as on the direction of the contact forces. In order to investigate the spatial 
variation in the contact forces, the contact forces networks for three samples at the peak shear stress are presented in 
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Fig. 7. Each contact force is represented by a line segment connecting the centroids of two contacting particles, and 
the line width is proportional to the magnitude of the normal contact force. In all cases, only the rock particles and 
contact forces networks are plotted in Fig. 7. It can be seen that the contact forces are transmitted diagonally across 
the specimen, which is qualitatively similar to the distribution of the contact forces obtained by Masson and 
Martinez [17] in their discrete element analyses of the direct shear test. Referring to Fig. 7, it can be observed that 
the orientation of the contact forces is becoming deflecting to the x-component with increasing rock content. 
Moreover, it is clear that the chains of strong forces appear more pronounced in the T70-50 case (Fig .7c), which 
suggest the external loads are mainly undertaken by the rock blocks. 
 
(a) 4700N (b) (c)
 
Fig. 7 Contact force vectors at the peak shear stress: (a) T53.4-50; (b) T62.5-50; (c) T70-50. 
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Fig. 8 Projection of vectors V1 and V3 onto x–y plane at peak shear stress.  
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 Fig. 9  The frequency distribution of contact normal orientations Dand the major principal stress orientations at peak shear stress. 
 
The magnitude and orientation of the principal stresses in shear band are shown in Fig. 8, in which the length of 
line represents the magnitude of the principal stress and θi is the inclination angle of principal stress to the horizontal 
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direction, x. It can be seen that the inclination angles increase with decreasing rock content and are 37.1q, 40.7q and 
42.5q for T70-50, T62.5-50 and T53.4-50, respectively. Moreover, it is also observed that the major principal stress 
increases while the minor principal stress decreases with increasing rock content. The observation of both the 
orientation and magnitude of the principal stress from Fig. 8 is consistent with that illustrated in Fig. 7.  
Fig. 9 shows the frequency distribution of contact orientation, D, and the orientation of the major principal stress 
at peak shear stress are also illustrated. It can be seen that the frequency distribution of contact orientation, D, tends 
to concentrate toward a preferred direction, and this preferred direction coincides with the direction of the major 
principal stress. It agrees with similar observations in simple shear tests on photoelastic rods by Oda and Konishi 
[18]. 
Two-dimensional DEM simulations (e.g. Cui and Sullivan [10], Masson et al [17] ) have demonstrated that 
particle rotation provide a significant indicator of strain localization. In the current study the circular particles are 
allowed to rotate freely, and the average rotation in the central shear zone, R, is plotted against the shear strain in Fig. 
10. The average rotation is defined as: 
                                                                       =
N
i
i
w
N
q
å
                                                                                      (3) 
where wi is the rotation of particle i, and N is the total number of particles in central shear zone, R. In order to 
appreciate the effect of rock particle in sample, the average rotation of rock particles and the soil particles are 
calculated separately. In Fig. 10, the label T70-50-Rpostive indicates counterclockwise rotation of rock particle for 
T70-50 sample, and the label T70-50-Snegative indicates clockwise rotation of soil particle for T70-50 sample. It is 
observed that both clockwise and counterclockwise rotations are observed in the central shear band, R, and they are 
found to be nearly symmetry. It is also clear from Fig. 10 that the rotation angles of the soil particles are much larger 
than that of the rock particles. The rotation angles of the soil particles increase with increasing rock content. 
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Fig. 10 The accumulated average rotation of particles in shear band against shear strain. 
3.3 Discussion 
Taylor [19] divides peak shear stress into two components: particle interlocking and friction, that is 
                                                                  W=Wd+Wf                                                                                          (4) Wd means the contribution from the particle interlocking. Wf  is the combination of rolling and sliding friction. 
Interlocking can be explained by consideration of strain. SRM samples are generally undergoing increase in volume 
as shown in Fig. 3b, and the part of the shearing stress that is acting to overcome interlocking may also be said to be 
supplying the energy that is being expended in volume increase. For the occurrence of the expansion, which is 
resisted by the applied normal pressure, energy must be supplied in some way. The amount of energy used during 
the expansion of the sample is the product of the thickness increase and the direct load VA on the top surface of the 
sample. Since there are no changes in the horizontal dimensions of the sample, the stresses on the vertical sides of 
the sample do no work. The supplying energy used to overcome interlocking is the product of the shearing 
displacement and the shearing force. Setting the expression for energy that is used equal to the energy that is 
supplied as schematically depicted in Fig. 11 gives 
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                                                                  WdAdx=VAdy.                                                                               (5) 
Thus, if Wd=Vdy/dx is properly determined (dy/dx=tanψ), Wf is then determined by the equation (4).  
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Fig. 11 Shear mode deformation assumed in direct shear test   
 
Table 2. The components of shear stress at peak value 
Specimen T53.4-50 T62.5-50 T70-50 NT53.4-50 NT62.5-50 NT70-50 
W(10kPa) 2.96 3.12 3.84 2.96 3.12 3.92 
Wd (10kPa) 0.6 0.75 1.4 0.6 0.75 1.4 
Wf (10kPa) 2.36 2.37 2.4 2.36 2.37 2.52 
 
The components of shear stress at peak value are listed in Table 2. It can be observed that Wf are nearly the same 
for three samples. This can be attributed to the friction coefficient are set to 1 for both soil and rock particles in this 
DEM study, which exclude the effect of friction on the shear behavior of SRM. In order to investigate the interplay 
between contact friction and particle interlocking to produce the granular friction in a direct shear test, three new 
direct shear tests are conducted to model SRM subject to the same normal pressure of 50kPa, which are labeled as 
NT53.4-50, NT62.5-50 and NT70-50 respectively. In order to compare with the T53.4-50, T62.5-50 and T70-50 
tests, same micromechanical parameters except for the friction coefficient of rock particles, which is 1.25, are 
adopted in the three new tests.  
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Fig. 12 Response of assemblages with different rock content at surcharge pressures of 50kPa: (a) Shear stress against shear strain; (b) Volumetric 
strain against shear strain. 
 
Fig. 12 shows the plots of shear stress, shear strain, and volumetric strain of the three new tests. No obvious 
discrepancy can be observed in both shear stress and volumetric strain curves. The reason for this phenomenon is 
that the rock particles are essentially suspended in soil particles when SRM contains lower rock content (i.e. rock 
content less than 70%), and there are little rock-rock contacts. In addition, friction coefficient at the contact is taken 
to be the minimum friction coefficient of the two contacting entities in PFC2D [8]. In that case, increase the friction 
coefficient of rock particles can not produce any significant increase in shear strength and volumetric strain. On the 
other hand, the contacts between rock and rock particles increase markedly when SRM contains 70% rock content, 
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which can be found in Fig. 7c. However, it can be observed that the shear strength and volumetric strain seem to 
only have a slight variations when interparticle friction coefficient of rock particles are changed from 1 to 1.25. The 
result may be attributed to the shear strength and volumetric strain are less sensitive to the friction coefficient 
variations.  
The components of shear stress at peak value for new direct shear tests are also listed in Tab. 2. Based on the 
results listed in Table 2, it can be seen that rock content has obvious effect on Wd, which increases with increasing 
rock content. But rock content has little effect on Wf.The accumulative friction work which dissipated by frictional 
sliding at all contacts is illustrated in Fig. 13. The result also demonstrates that the frictional energy is nearly the 
same for samples with different rock content, which means the increase of shear strength of SRM with higher rock 
content is mainly the contribution of the interlocking and the contribution of friction is small. 
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Fig. 13 The relationship between accumulative friction work and shear strain 
 
4. Conclusions 
This paper presented a 2D DEM study on the mechanical behavior of soil-rock mixtures (SRM) subjected to 
direct shear. By comparing the simulation results from different rock content under different levels of confining 
stresses, it was found that the shear behavior of SRM was related to its rock content : the peak shear strength will 
increase, and the dilatation became more obvious with the increment of its rock content. On the other hand, the peak 
friction angle appeared to increase while cohesion decrease with increasing rock content which was qualitatively 
similar to the field test results of Xu et al [12]. Moreover, the dilation angle of sample also seem to be associated 
with its rock content, and the dilation angle at peak stress state is 15.64q, 8.53q and 5.14q for T70-50, T62.5-50 and 
53.4-50, respectively.  
A simple triangulation method was used to calculate the shear strain and capture the shear band. Some 
microscopic details were then investigated in the shear band. For analyzing the microstructure evolution induced by 
shearing, attention was focused on the evolution of the particle contact orientation as well as on the direction of the 
contact forces. The result indicated that the main orientation of the contact forces was becoming deflecting to the x-
component with increasing the rock content. The rock content also had a meaningful effect on the magnitude and 
orientation of the principal stresses in shear band: the major principal stress gradually increased while the minor 
principal stress gradually decreased with increasing rock content. Moreover, the frequency distribution of contact 
normal orientations tended to concentrate toward a preferred direction, and this preferred direction coincided with 
the direction of the major principal stress. The average rotation of all particles in the shear band was also measured. 
It is observed that both clockwise and counterclockwise rotations are observed in the central shear band, R, and they 
are found to be nearly symmetry. The rotation angles of the soil particles are much larger than that of the rock 
particles, and the rotation angles of the soil particles increase with increasing rock content.  
According to Taylor’s theory, the peak shear stress was divided into two components: particle interlocking (Wd) 
and friction (Wf). The result of calculation showed that Wf was nearly the same for SRM with different rock content, 
while Wd increased with increasing rock content. A further investigation suggested that the increase of the shear 
strength of SRM for higher rock content was mainly because of the contribution of interlocking, and the contribution 
of contact friction was demonstrated to be very small.  
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